This study is to develop simplified reliability estimation for optimum strengthening ratio of T-beam railway bridge strengthened by CFRP strip. Until now, strengthening design has been usually proceeded to satisfy the target load-carrying capacity by using the deterministic parameter of nominal property for concrete or FRP. For the optimum strengthening design, however, it is required that reliability-based strengthening design should be applied to effectively determine the amount of strengthening material and make sure of the safety of the structure. As applying the reliability-based strengthening ratio, more reliable strengthening design using CFRP strip is possible as well as having a structural redundancy. The reliability-based strengthening design methodology suggested in this study is able to contribute the optimum strengthening design for a concrete structure strengthened by CFRP strip.
Introduction
FHWA 2009 [1] reported that many existing reinforced concrete bridges, especially superstructures, have consistently experienced deteriorations with significant loss of loadcarrying capacity. As the national budget is decreased for the new construction, the repair and strengthening needs have been major consideration in maintenance field of infrastructure. In the last decade, the conventional strengthening materials have been replaced with fiber reinforced polymer (FRP) materials for strengthening of the deteriorated concrete structures. Among these FRP strengthening material forms, FRP laminate and sheet are widely applied on the surface of the structure to be strengthened by the externally bonded reinforcing (EBR) technique. For this strengthening, however, the previous researches have raised several kinds of problems that the EBR technique cannot sufficiently transfer tensile strength of the FRP materials to concrete member, due to their premature debonding [2] . Near surface mounted (NSM) strengthening technique has many advantages for improving the structural capacity over a conventional ERB strengthening: less site installation work, better bonding and structural performance, and more effective maintenance point of view. For these reasons, many experimental researches have suggested that NSM-FRP strengthening is one of the most reliable strengthening techniques for concrete structures [3] [4] [5] . Although EBR technique needs additional external protection against either the fire attack or an unexpected collision the NSM strengthening technique provides better protection in disaster situations than conventional EBR [6] methods.
Also NSM using FRP strips has substantially better bond resistance because it can be embedded in an adhesive entirely within the narrow groove of the substrate concrete. This advantage of FRP strips for bonding performance was previously demonstrated by Soliman et al. [7] . In a monotonic load test, the NSM CFRP strip demonstrated better anchorage than the EBR CFRP strips [8, 9] .
Although many studies for FRP strengthening have been conducted previously, there are few studies to suggest /9  440/3  440/3  440/3  440/3  220  220  220  220  110  440/3  440/3  440/3  440/3  220  220  220  230  110   180  180  180  180  120  120  120  120  90  180  180  180  180  120  120  120 the strengthening guideline, such as a strengthening ratio, by applying a probabilistic and reliability analysis. This is important because of the uncertainty for material and structural point of view on the FRP strengthening method. A parametric study of GFRP rebar for design factors such as cross-sectional dimension, GFRP, and concrete strength [10] is conducted. Another research is carried out a reliability assessment of an FRP-strengthened concrete beam by Chinese codes [11] . A parametric study on the effects of influencing factors on average reliability level shows that load effect ratio and concrete strength are the first two dominant influencing factors among all design variables. For design concepts, the conventional ultimate strength design (USD) method is changed to limit state design after 2015 in Korea. Therefore, safety and reliability for all structures will be regarded widely, as well as the strengthening of concrete structures. This study aims to propose the reliability-based determination procedure on the strengthening ratio of a deteriorated concrete girder with CFRP strips, which has advantages for the full composite performance with concrete members. The target bridge in this study is a double T-beam railway bridge originally designed by LS-18 (an old type of design load for a railway bridge in Korea). Therefore, it is required that the target bridge should satisfy the present design load (LS-22) and enhance the design speed, with the high speed era in the future. In order to assess the optimal strengthening ratio for the target bridge in this study, the CFRP strip strengthening method was analytically applied to the target bridge.
NSM strengthening technique is more effective for enhancing flexural capacity of railway bridge in case vibration of train traffic due to its superior bond performance. The goal of this study was to calculate the reliability-based strengthening ratio of the concrete beams strengthened by NSM using CFRP strips by applying the reliability index for bridge design. FE analysis, on the deteriorated and then strengthened bridge, was performed using the design railway load in the Korea railway specification. FEM analysis was also used to estimate the amount of steel reinforcements of the target bridge, due to the absence of structural design information of this aged bridge. To consider the structural uncertainties of the strengthening method, the probability and reliability analysis were performed with Monte Carlo simulation (MCS). Finally, the reliability-based strengthening ratio which satisfies the reliability index for the structural design ( = 3.5) is estimated with the structural redundancy for the target design strength. Finally, it is suggested that the strengthening procedure of the applied probabilistic and reliability approach is a reasonable strengthening design method.
Estimation of the Unknown Property of Target Bridge
The target bridge is a simply supported railway bridge in Korea, which was built for the design load of LS-18 in 1982. In Design Specification of Railway of Korea [15] , standard design load is categorized as LS-18 restricted to 120 km/hr and LS-22 for high speed railway, as depicted in Figure 1 . Actual speed and dynamic behavior on the LS-18 train were monitored and analyzed by [16] . Figures 2 and 3 show the typical cross-section and longitudinal view of the RC T bridge.
There are some recent diagnosis techniques [17] [18] [19] . For this bridge, conventional inspection method was applied. Some of deterioration defects, such as cracks, efflorescence, steel corrosion, and concrete segregation, were visualized by inspection. Whereas the compressive strength of concrete is 40.8 MPa, the strength of steel rebar is not verified from the field inspection.
To evaluate the requirement of strengthening amount, a load-carrying capacity or flexural stiffness for the structural condition in service mode should be investigated. Due to the characteristics of this railway bridge, dynamic tests for structural evaluation were performed using in-field monitoring data for the train loads passing the target point [16] , with structural stiffness as the main indicator of structural condition. For this, acceleration data was monitored and compared with an RC bridge with a similar span length and size. According to Hwang et al. [16] , the acceleration of the target bridge was shown to be over 0.4 g (1 g is 980 cm/s 2 , gal) 
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Centrifugal reinforced concrete pile ∅ 300 × 9.00 when the train passed. In Europe, it is recommended that the acceleration should be under 0.35 g for the prevention of turbulence on the railway in service [20, 21] . Thus, highlevel acceleration in service is considered proof of structural performance degradation and the appropriate strengthening means to satisfy the serviceability limit are required. To solve the vibration problem, strengthening by FRP composite can enhance the structural stiffness [22, 23] . For another strengthening need, structural condition was recorded as C-grade after an in-depth inspection conducted in 2003 [24] . During the bridge's 30 years of service time, structural materials such as concrete and steel reinforcement have possibly deteriorated. Therefore, the target bridge should be treated with structural upgrade maintenance. In this study, FRP strip strengthening of the deteriorated target bridge is an effective strategy, and the strengthening ratio-the most significant factor for the strengthening design-will be suggested through a reliability analysis of material and structural uncertainties using a reliability index.
To assess the amount of adequate strengthening ratio to satisfy the requirement, the unknown reinforcement ratio of steel rebar should be reasonably estimated. Structural analysis on the target bridge without the steel rebar was initially performed to calculate external flexural moment subjected by LS-18 design loads. The structural modeling and analysis were conducted by commercial FEA program [25] . The bridge model was built by plate and solid elements, the dead load like gravel, rail was excepted. Figure 4 shows the analysis results of external flexural moments for dead and live loads. The design load factors for dead and live loads were based on the 
Limit State Function and Safety Index

Limit State Function.
The conventional performance function for flexural capacity of the bridge cross-section consists of , , and , where is strength resistance or load carrying capacity, is dead load effect, and is live load effect including impact [26] . For consideration of the limit state, the limit state model to express railway by Cho et al. [27] was adapted and followed as
where is structural resistance and and are dead and live load effect, respectively. , , and are reexpressed as follows:
where is estimated nominal strength of undamaged structures (flexural moment or shear force), is damage coefficient, is uncertain parameter when and are estimated, and are the effect factor of flexural moment and shear force for dead and live loads, and are the nominal dead and live loads, respectively, is the response ratio (Calculation/Measure), is the impact factor, and and are the calibration factors of and , respectively. can be calculated by P⋅M⋅F⋅D: P for uncertainties of estimation for analytical model, M for material strength, F for fabrication, and D for damage factors. In this study, structural failure denotes the state when the theoretical flexural capacity is reached. Failure occurs if the function is less than or equal to zero.
As depicted in Figure 5 , the resistance moment ( ) used in this reliability analysis is calculated by (3) to (6) according to the recommendations from ACI Committee 440 [28] and Bank [29] . In this study, the damage factor was newly applied in the steel rebar terms in (5):
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where is area of tensile steel bar (mm 2 ), is tensile stress of steel bar (400 MPa), ℎ is total height (1,250 mm), 1 is effective depth of tensile steel bar (1,200 mm), 2 is effective depth of CFRP strip (1,220 mm), is effective depth of compressive steel bar (50 mm), is area of CFRP strip (mm 2 ), is effective strength of CFRP strip ( fu,ave − 3 , MPa), frp is environmental reduction factor (0.85), Φ is strength reduction factor (0.85), is compressive strength of concrete (41 MPa), and is effective width of rectangular beam (1,900 mm).
means the damage factor assumed in the reliability analysis (Table 4 ).
In the case of failure mode of a concrete beam externally bonded with CFRP materials, except in a premature failure case, the following four failure modes are classified representatively:
(1) steel yielding and concrete compressive failure before CFRP rupture;
(2) steel yielding and CFRP rupture after concrete compressive failure;
(3) CFRP rupture and concrete compressive failure before steel yielding; (4) concrete compressive failure before steel yielding and CFRP rupture.
Among the Cases 1∼4, Cases 3 and 4 are typical overstrengthening failure, which leads to brittle failure of strengthening beams. Cases 1 and 2, however, would result in ductile failure, rather than that of Cases 3 and 4. For reasonable failure cases, Case 1) is more suitable for preventing the brittle failure because concrete compressive failure is less brittle than that of CFRP strip. Balanced failure means that a strengthened concrete member fails simultaneously with concrete compressive failure and CFRP rupture.
Structural safety can be conveniently calculated with respect to the reliability index as follows:
The variables and are the terms of the mean and standard deviation of the performance function , respectively. The reliability index for flexural capacity after strengthening is calculated based on the effective cross-section of the target bridge with the amount of CFRP strip required to satisfy the strength for NSM strengthening. In this study, the reliability index is computed by the Rackwitz-Fiessler algorithm [30] .
Computational Uncertainty Factors ( ).
The computational uncertainties, , are adapted to be considered in predicting resistance. The statistics for randomness are defined based on analytical results or test results. Some analytical and test results are introduced by a literature review of previous research papers for reliability analysis [10] . In this study, it is assumed that statistics of the computational uncertainty factor in concrete crushing mode are effective to estimate the strengthening ratio by reliability analysis. Thus, from data from a total of 91 specimens, 1.061 of mean value and 0.09 of standard deviation resulted. The following equation denotes the computational uncertainties in this analysis:
3.3. Damage Factor. Cho et al. [31] have theoretically defined that the damage factor is the ratio of stiffness for a nondamaged structure to a damaged structure. For quantitative approaches, it can be calculated by using the ratio of power of natural frequency for a damaged structure to that for a nondamaged structure. In actual state, however, it is not asserted that this ratio can directly represent the degree of damage. Estimating the damage factor is hard to be determined without the plentiful history data so that the damage factor in this study is assumed by previous research [29] . Therefore, the average of damage factor is ranged from 0.6 to 0.9 and uncertainty of damage factor is considered from 0.1 to 0.3 of coefficient of variation. With this statistical data, the probability and reliability analysis are carried out and a result of sensitive analysis for the variation of damage factor is discussed.
Characteristics of Random Variables
For reliability analyses, the statistics of random variables are defined in advance. There are three variables considered in this analysis: external load for dead and live ones, material strength of concrete, steel rebar and CFRP strip, and design of cross-section.
In the reliability analysis for structural safety, it is essential that the load effect must be considered by combining the variability of loads, dead and live loads. A related study was conducted and suggested the load and resistance factors for RC concrete design [32] . Table 1 shows the statistics of the load effect for dead and live load for reliability analysis [33] . Among these, mean value is the external moment resulting from FE analysis to the target bridge, and load factor is based on the KR specification.
The statistics of resistance-related variables such as , ℎ, and listed in Table 2 are adopted from Ellingwood [32] . Also included in Table 2 are the statistics of the strength of CFRP strip ( fu ) for Barros and Fortes [34] and of the width ( ) of T-beam for Oh et al. [13] . In the case of the nominal value of ℎ and , the real dimension of the cross section in the target bridge is used. For steel rebar, statistics from many of tensile tests are summarized in Table 3 [35] . As compared with Grade series by ASTM A 165, SD30, SD35, and SD40 rebar considered in the reliability analysis showed relatively better coefficient of variation. The probability distribution was considered as normal type. In this study, statistics of SD40 in Korea were adopted in reliability analysis.
Reliability-Based Strengthening Ratio of CFRP Strip
Target Safety Index in Reliability
Analysis. This study is to calculate the reliability-based strengthening ratio of CFRP strip to the existing railway bridge, which has structural uncertainties. Therefore, it is important to define how much structural safety should be acquired. This is simply determined by using the reliability index, or the target safety factor, , in the load and resistance analysis. Previous study has shown that values of 2.5∼3.0 and 3.0∼3.5 were used for tension failure and compression failure, respectively [36] . Kulicki et al. [37] proposed the target, or code-specified reliability indices obtained from reliability analysis of a group of 175 existing actual bridges designed by either ASD or LFD method, and then suggested the range of values using the new load and resistance factors. From this research, AASHTO altered the reliability index to 3.5 when either a higher level of safety or taking more risk was appropriate [38] . According to the recent research [39] , the target beta for beam is 3.5 for flexural strength of RC beams constructed with light weight and normal weight concrete. In this study, the target reliability index is determined with 3.5 and a reliability-based strengthening ratio satisfying the probability index = 3.5 will be calculated.
Result of Reliability Analysis.
To evaluate the reliabilitybased strengthening ratio of the target bridge, the probability distribution between the external load and structural resistance from the limit state function was analyzed. A safety margin was used and = 3.5 of target reliability index was specified by AASHTO [38] . Figure 6 is a process to calculate strengthening ratio of CFRP strip by reliability analysis with a reliability index of 3.5. FEM analysis should be conducted to determine the external moment for dead and live loads. Structural resistance is affected as when strengthening ratio of CFRP strip is varied. Therefore, iteration process is needed until safety margin of 3.5 of the strengthening bridge against external load is acquired. 
LS-18
Strengthening effect at T = 3.5 Figure 7 is the probability distribution curves for external load and resistance resulted from the reliability analysis. For external loads, the probability distribution of LS-22 was additionally considered to investigate the how much the strengthening effect of CFRP strips can decrease the probability of failure compared LS-22 design load. means the external load and is for the resistance moment. Strengthening effect is denoted as a case series. FEM analysis was performed to calculate the external moment for LS-18 and LS-22 design railway load. For probability distribution of LS-22, which is the present design load of railway in Korea, probability characteristics for LS-18 were used in the same way. In order to acquire the reliability-based strengthening ratio for = 3.5, the range of probability parameters was roughly considered; then the final 5 cases for cfrp from 0.0001 to 0.00013 were analyzed. Each probability distribution curve is illustrated in Figure 7 . Figure 8 is the result of reliabilitybased strengthening ratio. According to the result of the strengthening effect by probability distribution, the target bridge strengthened by the CFRP strip strengthening ratio resulting from the reliability analysis could be sufficiently safe against the LS-22 present design railway load. As the strengthening ratio of CFRP strip that could satisfy = 3.5, it was with cfrp = 0.000114. Figure 9 shows the result of sensitive analysis for three parameters such as damage factor, standard deviation of damage factor, and live load effect. The CFRP strip strengthening ratio resulting from the reliability analysis is plotted with three important parameters. The purpose of this process is to identify how sensitively the strengthening ratio will be affected when the three parameters are varied independently. The determination of the variation ranges of the parameters was considered to simply but effectively apply the sensitive characteristics. For live loads and damage factor, there were similar degrees of sensitivity. Variation of COV of damage factor, however, was more sensitive than that of the other parameters. It might be concluded that COV of damage factor largely affected to estimate the reliability-based strengthening using about the CFRP strip. For more reliable estimation of damage factor, many of structural diagnosis data should be analyzed in future. Table 4 summarizes the input parameters used in the sensitive analysis.
Sensitive Analysis for Three Important Parameters.
Conclusions
This study suggested the reliability-based strengthening ratio for 30-year-old railway bridge using CFRP strips. Conclusions are as follows.
(1) In previous strengthening schemes, it has been uncertain to determine how much the strengthening effect should be required. The methodology for the reliability-based strengthening ratio can improve Mathematical Problems in Engineering 9 these problems of the previous strengthening method. The target reliability index for CFRP strip strengthening is considered as 3.5 according to AASHTO specification. As using the reliability-based strengthening ratio in this study, more effective strengthening design to concrete structure, having a specified strengthening target as well as reflecting the structural and material uncertainties, is possible. (2) In the result of a sensitive analysis, variation of COV for damage factor mostly affected to the reliabilitybased strengthening ratio of CFRP strip. Therefore, damage factor should be studied more properly on the target bridge. This may be possible by analyzing the database for long-term safety inspection history and its reasonable quantification. Stabilization and normalization processes of the damage factor are also required. (3) One of the important factors for determining the safety margin against the resistance is external load effect. In order to improve the reliability-based strengthening ratio of CFRP strip in this study, uncertainties for external load of a railway bridge should be analytically and experimentally verified. This can be solved by analyzing the acquired data from long-term monitoring; then the reliability of the strengthening ratio of CFRP strip will be promoted.
